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A nonuniform piezoelectric cantilever with enhanced amplitude of vibration at 
resonances is proposed. The cantilever made of lead zirconate titanate (type of PZT-5H) 
containing inversely poled piezoelectric domains shows an advantageous increase in 
vibration amplitude when compared to a single domain device. The amplitude of 
vibrations is enhanced when the domain boundaries are located at the nodes of vibration 
displacement. The vibration amplitude of a cantilever with 2 or 3 periodically inverted 
domains is mostly affected at the 2nd or 3rd resonance frequency, respectively.  The 
amplitudes are calculated using the Finite Element method (FEM).  
 
 Piezoelectric cantilevers are the key components of microelectromechanical systems 
with various applications1, which include atomic force microscopy2, detection of chemical 
compounds3, and the actuation of wing flapping mechanisms in micromechanical robotic 
insects4,5. In micromechanical insect prototype applications, rectangular cantilever dimensions 
are oblong in shape and transverse vibration is utilized5. Cantilevers that are less oblong in 
shape may also be good microactuators when the longitudinal displacement is utilized6. The 
piezoelectric material, polyvinylidene fluoride (PVDF), has been used to demonstrate this 
effect to some extent by designing a system with a three layer PVDF-shim metal composite 
laminate, which lead to a PVDF modal actuator prototype7. Also implemented were two 
inversely poled PVDF-films situated side-by-side on the shim metal along the structure 
width8. In reference [8], a bimorph PVDF actuator was proposed and calculated by using the 
Finite Element Method (FEM). The FEM was also used to calculate proper electrode patterns 
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of a three layer PVDF laminate composite plate9. We have to note that in the cited 
publications [7,8,9], a low frequency region of hundreds of Hertz was considered and used in 
the experiments. However, the actuation effect that has been established could be much 
further enhanced if a material with a higher piezoelectric coupling coefficient than PVDF is 
used, for example PZT. Despite it is a bulk material, nowadays so-called nano-ceramic can be 
found on the market place, which opens new perspectives for modern applications.   
 Different types of PZT ceramic are commonly used in cantilevers due to the high 
piezoelectric coupling of this material. A cantilever normally utilizes the zeroth order 
vibration mode A0 with the dominant displacement in the direction perpendicular to the 
piezoelectric plate. In a plate that is less oblong, the longitudinal mode S0 may cause the total 
displacement to be in the longitudinal direction.  
 In this paper, we show that the longitudinal pulsation can be reduced to the advantage 
of the transverse vibration by introducing a set of inversely poled piezoelectric domains along 
the length of the plate. A single crystal cantilever and a 2-domain cantilever with 2 inversely 
poled domains are shown in Figure 1(a) and (b), respectively. The Z axis of the PZT-5H 
material PIC-181 is perpendicular to the cantilever plate, which vibrates in the ZX plane. Both 
cantilevers have dimensions 22.4×0.7 mm along the X and Z directions respectively. The 
white block arrows in Figure 1 represent the polarization of piezoelectric domains. The length 
of the larger domain in Figure 1(b) is 16.1 mm. The smaller domain is 4.9 mm-long. The 
interdomain boundary is at x = 17.5 mm because the vertical component of acoustical 
displacement uz is equal to zero at this point for the second resonance of the single domain 
and 2-domain cantilevers. Two metal electrodes are deposited on the top (z = 0.7 mm) and the 
bottom (z = 0) surfaces. Normally, the bottom electrode is grounded, while an AC voltage up 
to 1 kV is applied to the top electrode. The resulting electric field inside the cantilever is well  
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below  the coercive  field  for  piezoelectric ceramic 10.  The  device is  designed to 
operate at a temperature that is lower than the Curie temperature to prevent depolarization 
of the domains. The multidomain cantilevers with unipolar electrode design having one, 
two, and three inversely pooled ferroelectric domains are presented in Fig. 1.  
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Figure 1. The multidomain cantilevers with the unipolar electrodes on top and 
bottom surfaces. The directions of the polarization vector are noted by the block 
arrows. Length is 22.4mm, thickness is 0.7mm, and width is 3 mm (not shown).  
Displacements uz and ux  occur at the tip. Panel (1) presents a standard single 
crystal cantilever, panel (2) presents two-inversely-poled domain cantilever, and 
panel (3) presents three-inversely-poled domain cantilever. All top electrodes 
marked by plus (+) are potential ones, and all bottom electrodes marked by 
minus (-) are grounded.    
 
The acoustical displacements are calculated by a Finite Element code that was developed 
following the approach previously used to calculate dispersion curves for acoustic modes in 
multi-domain ferroelectric plates11, 12. The FEM routine is based on the Hamilton variational 
principle, where the solution is found by minimizing the time variation of the total energy that 
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consists of four parts: Ekin  0.5 u2 dx dz  is the kinetic energy; 0.5 E DdE dxdz   is 
the energy associated with electric field E  and electrical displacement D ; 
0.5 S TtrstE dxdz   is the elastic energy due to stress T and strain S , where superscript 
tr denotes a transposed matrix;  dxqW s

 is work done by the excitation source when the 
electric potential ftV  2cos0  is applied to the electrodes; and qs is the surface charge 
density on the electrodes. The components of displacement um (m = x, y, z) satisfy the 
equations of motion13 
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where:  is the stiffness tensor under constant electric field, e is the piezoelectric coupling 
tensor, 
Ec
S  is the dielectric permittivity tensor under constant strain, and mx,  is the Kronecker 
symbol, n is domain number 1, 2, and 3. The sign of piezoelectric coupling constants is 
inverted in the second domain (n = 2) for the Y and Z directions, but remains the same for the 
X direction. This represents a 180º rotation of the crystallographic coordinate system about 
the X axis in the inverted domains. The loss may be introduced by adding an imaginary part 
 to the stiffness constants Eijklc  EijklEijklEijkl cicc  , where EijklEijkl cc   , factor  is some small 
parameter, and  are Eijklc 11S =1.063x10-8 C2/Nm2 , 33S =1.328x10-8 C2/Nm2 , =-10.169 C/m2, 31e
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=15.997x1010 N/m2, =21.409 x1010 N/m2, =3.215 x1010 N/m2, =1.585 x1010 N/m2 
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used in the calculations. The attenuation parameter is related to mechanical quality factor 
Q = 1/(2 The  equations (1) – (3) are solved together with the boundary conditions of 
electric potential amplitude V0 at the top electrode, zero electric potential at the bottom 
electrode, and zero acoustical displacement at the left-side edge where the cantilever is 
clamped. In the FEM routine, a triangular numerical mesh with linear approximating 
functions is used. The solution is tested for convergence by gradually increasing mesh density 
until the results differed by less than 1%. The results of FEM-computations for the 1st ,  2nd , 
and 3rd vibrational modes/resonances are given in Fig. 2 for three possible models including 
single domain (a), 2-domain (b) and 3-domain (c) cantilever.  
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 Fig. 2. Vertical displacement uz versus frequency in the multidomain piezoelectric 
cantilevers shown in Fig. 1, which are made of piezo-ceramic PIC-181 with Q = 100. 
Excitation by an electric field E = 14.3 kV/mm. Plots 1, 2 and 3 correspond to the 
single-domain, 2-domain, and 3-domain cantilever, respectively, as shown in Fig. 1, 
panels (1), (2) and (3).  Panel (a) presents displacement amplitudes for the 1st 
vibrational mode at 1.09 kHz, panel (b) presents displacement amplitudes for the 2nd 
vibrational mode at 6.77 kHz, and panel (c) presents displacement amplitude for the 
3rd vibrational mode at 18.72 kHz.   
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  The second type of cantilever configurations may be designed with the help of the 
bipolar electrodes deposited on a single crystal prepolarized bar, as shown in Fig. 3. Actually, 
the first panel (1) is the same as in Fig. 1-(1), but the panels (2) and (3) are very different.  
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Fig. 3. The single crystal cantilevers with bypolar electrodes on top and bottom 
surfaces. The polarization vectors are along the z-axis.  Length is 22.4mm, 
thickness is 0.7mm, and width is 3 mm (not shown).  Displacements uz and ux  
occur at the tip. Panel (1) presents a standard single crystal cantilever similar to 
those in Fig. 1-(1), panel (2) presents two pairs of metal electrodes with positive 
and negative electric potential on both top and bottom surfaces, and panel (3) 
presents three pairs of metal electrodes with positive and negative electric 
potential on both top and bottom surfaces.  
 
In the case of two-electrode bipolar excitation scheme, each electrode has a 1.4 mm gap at the 
domain boundary. The bottom electrode below the longer domain is connected to the top 
electrode above the shorter domain, and the top electrode above the longer domain is 
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connected to the bottom electrode below the shorter domain. When this design is used, the 
inverse voltage is applied to the smaller domain when compared to the longer domain. Letter 
P in Fig.3 indicates the “probe” point, where the displacement component uz is calculated.   
 
 
 Fig. 4. Transversal vertical displacement uz versus frequency in the single crystal  
piezoelectric cantilevers with bipolar electrodes shown in Fig. 3-(2), (3).  Piezo-
ceramic PIC-181, Q = 100. Excitation by an electric field E = 14.3 kV/mm. Plot 1 
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corresponds to a single pair of electrodes as shown in Fig. 1-(1). Plots 2 and 3 
correspond to the two and three pairs of electrodes, respectively, as shown in Fig. 3-
(2) and Fig. 3-(3).  Panel (b) presents displacement amplitudes for the 2nd 
vibrational mode at 6.81 kHz, panel (c) presents displacement amplitude for the 3rd 
vibrational mode at 18.9 kHz. 
 
 The FEM computation with the configuration shown in Fig. 3-(1) is the same as panel 
(a) of Fig. 2. However, the calculations for other configurations, Fig. 3-(2) and Fig.3-(3) are 
different from those in Fig. 2-(b) and Fig. 2-(c). These results are given in Fig. 4, panels (b) 
and (c), respectively.  
 At the first resonance, the only vibration node in the plate is at x = 0, where the 
cantilever is clamped. In the single domain plate, the uz component of displacement is 
coherent along the X direction. Two different settings can be used for excitation of the 2nd 
mode. The unipolar,  when rf voltage is applied to top electrodes, and bottom contacts are 
grounded, like in Fig. 1-(2), and bipolar when rf voltage is applied to the top electrode with 
the bottom contact grounded in the 1st domain, and the electrode configuration is flipped in 
the 2nd domain, like in Fig. 3-(2).   
The vibration amplitude uz  for Q=100 at 2nd mode, or second resonance, is enhanced for 
the 2-domain cantilever contradictory to the single domain plate. The corresponding 
resonance frequency for the 2-domain plate is 6.8 kHz. The 2-domain cantilever shows an 
increase of the vibration amplitude compared to the single domain plate. The amplitude 
enhancement can be explained by comparing the displacement components at different 
positions x along the cantilever length. The vibration component has a node at x = 17.5 mm. 
In the 2-domain plate, the domain boundary is placed at this node deliberately to improve the 
performance of the 2-domain cantilever compared to its single-domain counterpart. The 
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vibration amplitude uz at x = 22.4 mm increases in the 2-domain cantilever in comparison to 
the single domain cantilever.  
Another new configuration with three inversely poled domains as in Fig. 1-(3) also 
gives amplitude increase at higher, 3rd, vibrational mode, as clear from comparison of Fig. 2-
(c) and Fig. 4-(c).  It can be observed from these graphs that the amplitude uz for the 3-
domain cantilever is greater than uz for the single domain cantilevers at 3rd mode including 
the three pairs of bipolar electrode configuration, plot 3 in Fig. 4-(c). 
In conclusion:  
1) We propose a multi-domain cantilever model that has improved performance at selected 
resonance frequencies. 2) The vibration amplitude in the multi-domain cantilever with 
inversely poled 2 or 3 domains increases at the 2nd or 3rd resonance, respectively, if the 
domain boundaries are located at the nodes of vibration displacements. 3) Based on our 
calculations for several Q in the range from 10 to 100, the two-domain cantilever shows an 
advantageous increase in vibration amplitude at 2nd harmonic resonance when compared to 
the single domain plate. 4) There is an advantage to multidomain cantilevers in that the 
number of domains can be optimally selected at appropriate resonance frequencies without 
changing the size of the device. 5) The applications for these results include 
microelectromechanical devices, where size may be an important parameter.         
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